The effect of temperature and NaCl concentration variations on the self-assembly of 1-methyl-3-tetradecylimidazolium (C 14 mim + ) and 4-sulfonatocalix[6]arene (SCX6) was studied by dynamic light scattering and isothermal calorimetric methods at pH 7. Inclusion complex formation promoted the self-assembly to spherical nanoparticles (NP), which transformed to supramolecular micelles (SM) in the presence of NaCl. Highly reversible, temperatureresponsive behavior was observed, and the conditions of the NP−SM transition could be tuned by the alteration of C 14 mim + :SCX6 mixing ratio and NaCl concentration. The association to SM was always exothermic with enthalpy independent on the amount of NaCl.
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INTRODUCTION
Supramolecular amphiphiles, the surfactants composed of noncovalently bound constituents, have their versatile applications and easily tunable properties. [1] [2] [3] Host-guest complex formation with macrocyclic compounds was often used to alter the thermodynamics of association and the morphology of the product. Inclusion of a surfactant in the cavity of cyclodextrins usually increases the critical micelle concentration. 4 The confinement of the dominant component of mixed cationic−anionic surfactant systems in β-cyclodextrin promoted aggregate growth leading to micelle-to-vesicle transition. 5 Spontaneous formation of giant vesicles was found upon coinclusion of methylviologen substituted with a long alkyl chain and 2,6-dihydroxynaphthalene inside cucurbit [8] uril. 6 This host induced vesicle formation by ternary complex formation with pyrene-functionalized peptide and N-methyl-N'-octadecyl viologen. 7 The dynamic character of noncovalent interactions was exploited to create stimuli-responsive self-assembled systems. Cyclodextrins were most frequently used as host macrocycles in associates exhibiting structure alteration controllable by pH, 8 redox reaction, 9 temperature 10 or photoirradiation. 11, 12 Because of their flexible π-electron-rich cavity and negative charge, 4-sulfonatocalix[n]arenes (SCXn) are particularly beneficial building elements for the creation of diverse nanostructures. [13] [14] [15] The role of SCXn in the design of fluorescent sensing systems, pesticide detoxification, drug delivery, 16 biochemistry, 17,18 crystal engineering 13, 19 and supramolecular polymerization 20 has been reviewed. In contrast to cyclodextrins or cucurbiturils, which induces the dissociation of aggregates by host-guest complexation, 21 the binding to SCXn promotes the aggregation of aromatic or amphiphilic compounds. [22] [23] [24] [25] We have demonstrated the inclusion of 1-alkyl-3-methylimidazolium (C n mim + ) type of ionic liquids in SCXn 26 and unraveled the alteration of the binding thermodynamics with the length of the 1-alkyl substituent on the methylimidazolium moiety. 27, 28 When the aliphatic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 chain was composed of n = 12, 14 or 16 C atoms, C n mim + cations and SCX6 spontaneously organized to spherical nanoparticles (NPs) possessing dense multilayered structure and 7:1 stoichiometry. 29 The main objectives of the present work were to demonstrate the stimuliresponsive behavior of these NPs, and to reveal the major factors affecting their thermal-induced structural change. We focus on the self-assembly of C 14 mim + and SCX6 (Scheme 1) in solutions neutralized by NaOH. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5 Utilization of fluorescent probe. 23 nmol HONR in methanol was added to 5 ml flask and the solvent was evaporated by letting nitrogen flow over the solution. After adding the supramolecular surfactant aqueous solution, the sample was equilibrated for 2 days in the dark.
Instrumentation. The absorption spectra were recorded on an Agilent Technologies Cary60 spectrophotometer. Particle size was determined by dynamic light scattering on a Zetasizer Nano-ZS (Malvern Instrument) equipped with a He-Ne laser (λ = 633 nm, scattering angle 173°). Each measurement was the average of 12 runs of 10 seconds. Data were analyzed with the software developed by the manufacturer using a distribution analysis (General Purpose analysis). The mean diameter of the NPs was calculated on the basis of number distribution.
Experiment was repeated at least twice. NPs were separated from the liquid phase by an ultracentrifuge from Beckman Coulter (Optima Max-XP, type TLA 110 rotor). Total carbon analyses were performed on a Shimadzu TOC-L CSN instrument, which was calibrated by a potassium hydrogen phthalate solution in ultrapure water (2.125 g dm −3 corresponding to 1000 mgC dm −3 ). ITC measurements were carried out with a MicroCal VP-ITC microcalorimeter. 10 µl of 3.4 mM ionic liquid solutions were injected from the computer controlled microsyringe at an interval of 180 s into the cell (volume = 1.4569 ml) containing 0.1 mM SCX6 solution at pH 7, while stirring at 450 rpm. Cryo-TEM images were taken on an Ultrascan 2 k CCD camera (Gatan, USA), using a LaB 6 JEOL JEM 2100 (JEOL, Japan) cryo-microscope operating at 200 kV with a JEOL low dose system (Minimum Dose System, MDS) to protect the thin ice film from any irradiation before imaging and to reduce the irradiation during the image capture. The images were recorded at 93 K and digitally corrected using the ImageJ software. The samples were prepared as follows. A drop of the suspension was deposited on a Quantifoil grid (Micro Tools GmbH, Germany). The excess of solution was then blotted out with a filter paper, and before evaporation the grid was 
RESULTS
NaCl-promoted NP− − − −micelle transition. In accordance with previous findings in acidic solutions, 29 NPs of negative ζ potential were produced when C 14 mim + was added to the neutralized solution of 0.1 mM SCX6 in 6 -2 molar excess at 298 K. The initial points in Figure 1 and Supporting Information Figure S1 demonstrate that the NP size (d ∼ 60 nm) is independent on the C 14 mim + :SCX6 molar ratio (r) in the absence of NaCl. However, the gradual increase of NaCl concentration in mixtures of different r brought about two types of [SCX6] = 0.1 mM. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 mM NaCl concentrations, respectively. Above these temperatures, the initial growth of NPs leveled off. The type of aggregates produced by self-assembly could be controlled by temperature. As a representative example, Figure 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Repeating the experiment whose results are presented in Figure 3A using temperature intervals of 5 K, a hysteresis was found that remained even when 40 min equilibration time was employed (Figure 4 ). This indicates that the rearrangement of SMs into NPs is slower than the reverse process.
Stoichiometry of the components in NPs. The amounts of the components in the NPs were obtained as a difference between the total concentrations and the concentrations in the aqueous phase. The NPs were separated from the solutions by ultracentrifugation, and the supernatants were analyzed by total carbon content measurement and spectrophotometric determination of SCX6 concentration as previously described. 29 In the mixture of 0.4 mM 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   11 the SMs at ratio 4 shows many well-separated aggregates inside the thin vitreous ice film ( Figure 5D ). The SMs are spherical with diameters mainly below 15 nm in accordance with the DLS results. Among the numerous images recorded for this sample, it should be noted that no NPs were observed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Its solubility is very low in water and SCX6 aqueous solution, but significantly grows upon binding to micelles. Figure 6A displays 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 triangles indicate the substantial diminution of the local polarity compared to that in water.
HONR senses microenvironment of 189 and 225 kJ mol −1 E T (30) values in SM and C 14 mim + micelle in 50 mM NaCl solution, respectively. The latter quantity corresponds to that reported for HONR bound to C 14 mim + micelle in the absence of NaCl. 30 The surroundings of HONR were also insensitive to NaCl concentration in SMs. On the basis of the derived E T (30) parameters we conclude that the environment around the probe in C 14 mim + micelle closely resembles that of diethylene glycol, whereas in SM the polarity is lower, and similar to that of dimethylformamide and acetonitrile. The binding site in SM provides larger protection against water compared to that in conventional C 14 mim + micelle.
Isothermal titration calorimetry (ITC).
To get insight into the thermodynamics of the association processes, ITC measurements were performed. A solution of 3.4 mM C 14 mim + with 15 mM NaCl was injected into 0.1 mM SCX6 and 15 mM NaCl mixture at pH 7. The dilution heat of the titrant, which was determined by the titration of 15 mM NaCl, was always 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 subtracted. Representative results are presented in Figure 7 , whereas enthalpograms at 0 and 50 mM NaCl concentrations are displayed in Supporting Information Figure S3 and S4. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 influence on their temperature dependence. The increase of NaCl concentration from 15 to 50 mM did not modify the temperature dependence of ∆H M and ∆H SM . The latter quantity is negative in the whole temperature range and about 14 kJ mol −1 smaller than the enthalpy change of the conventional C 14 mim + micelle formation. As seen in Table 1 , the ∆C p values for conventional and supramolecular micelles barely differ, and are in accordance with that reported for C 14 mim + Cl − micelle in neat water. 36 In contrast to the behavior of ∆H SM , a steeper and NaCl concentration sensitive temperature dependence was obtained for ∆H NP ( Figure 8B ).
∆C p of NP formation significantly decreased upon gradual increase of NaCl concentration. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Noteworthily, the reversible transformation between SM and NP became equi-enthalpic around 308 K at various NaCl concentrations. The more negative ∆C p for the association to NP compared with that for SM formation significantly contributes to the temperatureswitchable character of SM−NP transition.
DISCUSSION
Our results demonstrate that three parameters, the molar ratio of the components, temperature, and NaCl concentration determine that either NPs or SMs are formed as a result of the self-assembly of C 14 mim + and SCX6 in neutral solution. Since the critical micelle concentration of C 14 mim + is 2.5 mM in neat water at 298 K, 30 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 SCX6 are 3.29, 4.91, and 12.5 in 0.1 M NaCl solution at 298 K, and they shift to lower value in the presence of organic cations. 37 Therefore, most of SCX6 hosts contain two phenolate moieties, and the macrocycle has 8 negative charges at pH 7 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19 suspension is the large increase in the specific surface area of the particles. This could be a key parameter to understand the factors controlling the NP−SM transition. The NP−SM transition is markedly influenced by the NaCl concentration ( Figure 1 and 2). This salt effect may arise from several factors. (i) Na + cations can competitively bind to the macrocycle. DOSY NMR measurements showed Na + association with SCX6. 38 The . This is probably not a predominant process. (ii) Na + ions can screen the electrostatic repulsion among negatively charged species promoting thereby their colloidal destabilization. This is observed for NPs at mixing ratios of 5 and 6. At lower mixing ratios, the observed NP−SM transformation cannot be explained by screening effect. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 difference, the number of bound cations should be much higher for SMs than for NPs at large salt concentration where saturation of Na + adsorption occurs.
The transition between SMs and NPs also depends on the temperature and the mixing ratio r at a given salt concentration. Due to the negative ∆H SM and the endothermic character of the self-assembly to NP (Figure 8 ), SM formation prevails at low temperature. The more negative ∆C p renders the enthalpy of NP formation more temperature sensitive than that of SM production. Therefore, NP formation becomes energetically favorable at high temperature and mixing ratio. From the comparison of the data in Figure 7 and 8, we
conclude that NP can be formed even when ∆H NP is positive. This indicates the substantial favorable entropy contribution to the driving force. The entropy increase arising from the release of water molecules from the ordered hydrate structure around the individual hydrophobic carbon chains 40 and from the solvate shell of the ionic moieties 39 is only partly compensated by the entropy diminution due to association into NPs. As the temperature is raised, the ordered aqueous region surrounding the aliphatic groups gradually vanishes and the extent of hydration around the ionic groups diminishes leading to lessening entropy gain for NP formation. The barely different ∆C p for conventional C 14 mim + micelles and SMs indicates that the hydrophobic molecular surface exposed to water is the dominant factor determining ∆C p . 36 The presence of SCX6 in the headgroup region barely alters the degree of water penetration into the micelles.
CONCLUSIONS
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